Experiments were carried out aiming to study the influence of micro-abrasive wear test variables and plasma treatment parameters, on the tribological characteristics of low-temperature plasma carburized AISI 420 steel. The first part of this study was conducted in order to evaluate the influence of abrasive particle size, normal load and counter body rotation speed on carburized sample wear behavior; and the second part was conducted in order to evaluate the treatment temperature and time effect on carburized samples wear behavior. Plasma carburizing treatments were performed at 8 and 12 h, for temperatures ranging from 350 to 500°C; and at constant temperatures of 400°C for times between 12 to 48h, and for 450°C for times of 4 to 16h. Micro-abrasive wear test were performed by mean of a calowear ballcratering equipment using a polished ball of AISI 52100 steel rotating at 80, 120 and 160 rpm, for sliding distances from 2.6 to 104.2 m. Alumina abrasive particles with sizes of 0.05, 0.3 and 1.0 m were employed. The normal loads applied on this study were 0.1, 0.3 and 0.5 N. Carburized sample was characterized by mean of OM, XRD and hardness measurements. Worn crater characteristics were evaluated by confocal laser microscopy. Results showed that the transient wear regime prevails along the outer layer length (composed by Fe3C and 'C), and the steady-state wear stabilizes in the diffusion layer region (composed by 'C). It was verified that the wear rate and wear coefficient decreases with treatment temperature in the range of 350-450°C and increase for 500°C. It was also verified that the wear rate and wear coefficient decreases with treatment time in the range of 12-36 h (for 400°C cycle) and 4-12 h (for 450°C cycle), and increase for larger treatment times due the chromium carbide precipitation. It was also found that the wear coefficient increases with the increase of abrasive particle size, and decrease with the increase in counter body rotation speed and normal load. Lastly, the analysis of the worn craters indicates the occurrence of grooving and micro-rolling abrasion wear mechanisms.
INTRODUCTION
Plasma assisted treatments are commonly applied to improve surface properties of steels, such as wear and corrosion resistance [1] . Through this technique a large concentrations of interstitial alloying elements may be introduced into the material surface [2] . The application of plasma-assisted treatments as carburizing and nitriding on stainless steel, promotes an increase in wear and corrosion resistance of these alloys, when treatments are conducted under low-temperature condition and for short times. However, when treatment is carried out at high temperature or for excessive time, the wear resistance increase is accompanied by the reduction of the treated surface corrosion resistance [3] . The corrosion resistance decrease occurs due to precipitation of chromium carbide/nitride, resulting in the sensitization of the treated surface [4] . The increased corrosion and wear resistance observed for lowtemperature plasma treatments of stainless steels is attributed to metastable phases formation on the treated surface [5] . In the case of low temperature plasma nitriding application on martensitic stainless steels, the nitrogen incorporation leads to the formation of nitrogen expanded martensite phase ('N), which presents high wear [6, 7] , corrosion [7] [8] [9] , and fatigue resistance [10] . For low-temperature plasma carburizing of martensitic stainless steel, the carbon introduction on the steel surface promotes the formation of carbon expanded martensite phase ('C) [11] [12] [13] , whose tribological properties and corrosion resistance remain undetermined.
Wherefore, on present project the micro-abrasive wear resistance of carbon expanded martensite generated on AISI 420 martensitic stainless steel by lowtemperature plasma carburizing was studied. Considering the micro-abrasive test variables influence on wear process, already reported by other authors, as contact load [14] [15] [16] [17] [18] , sliding distance [14, 16, [19] [20] [21] , sphere rotation speed [15, 16, 18, 22] , and abrasive characteristics [17, 19, 23, 24] , the first part of this project aims study the effect of abrasive particle size, counter body rotation speed and normal load on the wear behaviour (rate, coefficient and mechanism) of carburized AISI 420 steel. Similarly, considering the effect of plasma carburizing temperature and time on the microstructural features and mechanical properties of AISI 420 steel (reported by [13] ), the second part of this project aims to study the effects of these parameters on micro-abrasive wear behaviour of treated samples.
MATERIAL AND METHODS
Cylindrical samples of 10 mm in height and 50.8 mm in diameter were cut from an AISI 420 steel commercial rod (composition obtained by X-ray fluorescence, in wt.%: 0.17% C, 0.70% Mn, 0.50% Si, 12.2% Cr, 0.23% P, 0.03% S, and Fe balance). Samples were air quenched from 1050 °C, after 0.5 h at the austenitizing temperature. After heat treatment, samples were ground using SiC sandpaper ranging from 100 to 1200 grade and polished using 1 μm Al2O3 abrasive suspension. Finally, samples were alcohol cleaned in ultrasonic bath and then introduced into the discharge chamber.
A schematic representation and the detailed description of the plasma apparatus used in the present work is described and shown in reference [13] . On this system, samples were placed on the cathode and negatively biased at 700 V. Aiming to remove the native oxide layer from samples surface, before carburizing, specimens were plasma sputter-cleaned in a gas mixture of 80% H2 + 20% Ar, under a pressure of 400 Pa, at 300°C for 0.5 h. Plasma carburizing was carried out using a gas mixture composed of 99.5% (80% H2 + 20% Ar) + 0.5% CH4, in volume. The total gas flow rate and pressure were fixed at 1.66 × 10 −6 Nm 3 s −1 (100 sccm) and 400 Pa, respectively. Samples were carburized at temperatures of 350, 400, 450 and 500 °C, for treatment time of 8 and 12 h; and at fixed times of 400° C for 12, 24, 36 and 48 h, and 450° C for 4, 8, 12 and 16 h.
Micro-abrasive wear test were performed using a CSM CaloWear ® micro-abrasion ball-cratering equipment. Alumina abrasive suspension (Al2O3) with concentration of 0.11 g/cm 3 and particle size of 0.05, 0.3 and 1.0 m were used to perform the study of abrasive particle size effect. In order to prevent the decantation of abrasive slurry, the suspension was continuously agitated during the wear test by means of stirring apparatus attached to the micro-abrasion equipment, and pumped to the ball/sample interface by a peristaltic pump, at a flow rate of 0.2°drop/s. A polished ball of AISI 52100 steel with 25.4 mm diameter was used as counter body, being rotated at a speed of 80, 120 and 160 rpm (sphere rotation speed study), generating a velocity between the sphere and the sample surface of approximately 0.1, 0.16 and 0.21 ms -1 . The diameters of the worn craters were measured after sliding distances of 2.6, 5.2, 7.8, 10.4, 15.6, 31.0, 46.8, 62.4, 78.5 and 104.2 m. For measuring the dimensions of wear crater and analyzing the worn region (aiming to identify the abrasion wear modes), a confocal laser scanning microscope (Olympus LEXT OLS 3000), was used. From measuring of the worn craters diameter, the wear volume was determined for each test condition applying the equations suggested by Rutherford and Hutchings [22] . The average wear coefficient was determined from the line slope generated by the data linearization of the function = ( , ), where, is the wear volume; is the sliding distance; and the normal force. Normal load of 0.1, 0.3 and 0.5 N was employed in this work (contact load study). The worn region (wear crater) was analyzed by confocal laser scanning microscope (Olympus LEXT OLS 3000), aiming to identify the abrasion wear mode.
For microstructural analysis, sample was prepared by conventional metallographic procedure. After polishing, the cross-sectioned specimen was etched using Marble's reagent (4g CuSO4 + 20 ml HCl + 20 ml H2O). The microstructure was examined using an Optical Microscope (Olympus BX51M), and the thickness of the observed outer layer was determined by taking the mean of ten measurements using micrographs images. The identification of the phases present in the treated layers was carried out by X-ray diffractometry (XRD), using a Shimadzu XRD 7000 X-ray diffractometer with a Cu Kα X-ray tube (λ = 0.17889 nm) in the Bragg-Brentano configuration. The diffraction lines were taken with 2θ in the range of 30-60° with steps of 0.1°/min. Profile hardness and surface hardness measurements were taken by using a Shimadzu Micro Hardness Tester HMV2T, applying loads of 10 gf and 25 gf, respectively, and a peak-load contact of 15 s. The hardness values are a mean of five measurements.
RESULTS AND DISCUSSION

Microstructural and mechanical characterization
Cross section micrograph of samples plasma carburized for 12 h at (a) 450 and (b) 500°C are shown in Figure 1 . It can be observed that for the lower temperatures the outer layer presents higher resistance to the chemical etchant if compared to the Surface hardness as a function of the treatment temperature for samples carburizing at 8 and 12 h are present in Figure 23 (a). It appears that the hardness increases linearly with the treatment temperature for the two studied cycles. These hardness increases is due to the increased carbon content in solid solution, and due to the formation of Fe3C, Cr7C3 and Cr23C6 phases (as shown by the XRD data present in Figure 4 (a).
Surface hardness as a function of the treatment time for samples carburizing at 400 and 450°C are present in Figure 23 (b). It appears that the hardness increases linearly with the treatment time in intervals between 12 to 36 h for treatments performed at 400 °C, and 4 to 12 h for treatments carried out at 450 °C. These hardness increases is due to the increased carbon content in solid solution, and due to the formation of Fe3C phase (as shown by the XRD data present in Figure 4 (b). The hardness decrease, on the other hand, occurs due to the precipitation of chromium carbides, which reduces the carbon content in solid solution, leading to a compressive residual stresses reduction, and consequently, the materials hardness. Figure 4 (a) present the X-ray diffraction patterns of untreated (as-quenched) and samples plasma carburized for 12 h at 350 to 500 /C. The as-quenched sample presents one peak (at 2 angle of 44.9°) attributed to the martensite phase ('). After carburizing treatment these ' peak phase was broadened and slightly shifted to lower 2angles (see Figure 4 (a,b) detail), indicating that the martensite lattice parameter was expanded by carbon diffusion ('C). In addition, the remaining peaks occurring at 37.2°, 39.3°, 40.3°, 42.5°, 43.3°, 45.6°, 48.8°, 51.5°, 55.7° and 57.7°correspond to the Fe3C phase. The occurrence of Cr7C3 and Cr23C6 phase could be suggested in the present case by the diffraction peaks occurring for 2angles of 37.2°, 39.3°, 43.3°, 48.8° and 51.5°, but it should be noted that such peaks could be also indexed for the Fe3C phase. For 500 °C conditions the most of the carbon present in the body-centered tetragonal (b.c.t.) martensite cell precipitates as chromium carbide during carburizing treatment, promoting the transformation from b.c.t to b.c.c. (body-centered cubic) cell. Figure 4 (b) present the X-ray diffraction patterns of untreated (as-quenched) and samples plasma carburized at 400°C for 12 to 48 h. For samples treated in times less than 36 h, there is the presence of the same phases identified for samples treated at temperatures under 450°C. As for the sample treated at 500°C, the sample carburized for 48 h the martensite phase decomposition was observed. The X-ray diffraction patterns for the other studied conditions can be viewed in [13] . 
Influence of micro-abrasive wear test variables (first part)
Effect of abrasive particle size
In a free ball micro-abrasion wear tests, the steady-state wear is reached when the wear coefficient (k) becomes constant with sliding distance (d) [19] . In this regard, Figure 6 (a) shows the variation of the k with d for tribological tests conducted employing abrasive particles of 0.05, 0.3 and 1.0 m. It is noted that the steady-state wear is reached on different sliding distances for the different conditions studied, which is increased with the decrease in abrasive particles size. It also can be seen that for smallest sliding distances, the k values exhibit a random behavior (transient wear regime). As described by Cozza [25] , there is no fixed sliding distance for obtaining the steady-state wear, since this depends on the characteristics of the tribological system. Therefore, it is important to consider the effect of samples surface morphology (structure and composition) on the wear regime. In this context, in Figure 6 (b) is illustrated variation of worn crater depth as a function of abrasive particle size. It is possible to observe a direct relation between the outer layer thickness and the wear crater depth from which the steady-state wear is achieved, and in all cases, the system enters steady-state after at a wear depth greater than the outer layer thickness (in Figure 6 (b), the outer layer thickness is indicated by the horizontal dashed line). As previously showed in Figure 1 , the carburized layer consist of an outer layer (composed by Fe3C and 'C phases), and of a diffusion layer (which is formed only by 'C). Thus, it is believed that the cementite promotes a decrease in toughness of the outer layer, increasing the wear rate. Moreover, on the diffusion layer region, the wear rate decrease occurs due to the compressive residual stresses introduction in the martensite lattice, which overlap the stresses generated during the wear test. Figure 7 (a) shows the wear volume evolution as a function of the sliding distance for the different abrasive particle size. It can be seen that after the steady-state wear, worn volume increases linearly with the sliding distance, being increased with increasing the abrasive size. This difference is due, as above explained, to the difference in composition and morphology of the outer layer and diffusion layer. the data linearization of the function = ( , ), present in Figure 7 (a). It can be seen that both the wear rate and wear coefficient grow with particles size increasing. This result probably relates to the largest abrasive-sample interaction area, which is increasing with the size of the abrasive particles. This result is consistent with that presented by Sasada [26] , which showed that the critical size (size of the abrasive particles from which the wear coefficient becomes constant) takes place from 50 m. The wear craters morphologies generated in the carburized sample after a sliding distance of (1) 10 and (2) 104 m, using abrasives particles sizes of (a) 0.05, (b) 0.3, and (c) 1.0 m are shown in Figure 8 . It can be note the occurrence of grooving and micro-rolling abrasion wear mechanisms. It may be verify out that an increasing on abrasive particles size promotes a reduction on the action of micro-rolling abrasion wear mechanism, and an increasing on grooving abrasion wear mode action. In this case, it is assumed that the less dispersion of particles size, associated with the highest number of small-sized abrasive particles, are responsible for the high influence of the micro-rolling wear mechanism mode, with decreasing size of the abrasive species. With the increase in the abrasive particle size, the greater dispersion of size, combined with the major number of larger particles, are responsible for the most prominent effect of grooving wear mode, with increasing size of the abrasive species.
By comparing the micrographs, it can be see that the performance of the microrolling wear mechanisms increases with increasing sliding distance. This result can be explained considering that at the beginning of the test, contact pressure is relatively high, and in these circumstances, it is more difficult to the abrasive particles roll over. With the increase in the sliding distance the worn area is increased and so the contact pressure decreases, favoring the rotation movement of the abrasive particles. Thus, develops favorable conditions for a higher amount of abrasive particles become interposed in the contact region between samples surface and counterbody, collaborating in the material removing process. Furthermore, the increase in the abrasive portion in the ball-sample contact zone, favors the reduction of the normal force value acting on each abrasive, which favors the acting of rolling wear mode. It can also be noted from Figure 7 that with the sliding distance increasing, the number and depth of grooves also suffer increased. In this case it is assumed that the increase in test time provides that larger quantity of abrasive particles transpassive through the ball-sample interface, promoting additional quantity of scratch observed. This fact is powered mainly by the increase in abrasive particles retention in the upper region of the sphere-samples contact interface, which was checked during the tests. Moreover, another possible cause may be related to an increase with the sliding distances of the number and depth of the grooves, that occurs due to the reduction in hardness with increasing depth of crater wear (see Figure 5) . Thus, the greater the depth of the crater, the greater susceptibility of the material to be strained, due to the reduction of mechanical properties which occur along its cross section, as shown in Figure 5 . It is noted that the steadystate wear is reached on different sliding distances, for the different conditions studied, which is increased with increased ball rotation speed. It also can be seen that for smallest sliding distances, the k values exhibit a random behavior (transient wear regime), as previously shown in Figure 6 (a).
Effect of counter body rotation speed
In Figure 9 (b) is illustrated variation of worn crater depth as a function of ball rotation speed. As already pointed out earlier (Figure 6 (b) ), it is possible to observe a direct relation between the outer layer thickness and the wear crater depth from which the steady-state wear is achieved, and in all cases, the system enters steady-state after at a wear depth greater than the outer layer thickness. As explained earlier, this behavior is due to the morphological dissimilarity between these regions Figure 10 (a) shows the wear volume evolution as a function of the sliding distance for the different ball rotation speed. It can be seen that after the steady-state wear, worn volume increases linearly with the sliding distance, being increased with increasing applied normal load. This difference is due, as above explained, to the difference in composition and morphology of the outer layer and diffusion layer. Figure 10 (a). Note that both the wear rate and coefficient decrease with the increase of the counter-body rotational speed, indicating the dependence of these two factors on the studied variable. Bello and Wood [16] showed a similar results in polyamine coating, and the authors credited this behavior to hydrodynamic effects that occur between samples and counter body during the sliding. This explanation seems plausible, since, with the formation of a hydrodynamic film between the specimen and the ball, it decreases the abrasive interaction with the sample, thereby reducing the volume of material removed by micro-abrasion.
With respect to the worn craters morphology, the occurrence of grooving abrasion and micro-rolling abrasion wear mechanisms was verified, with similar appearance to those shown in Figure 8 . 
Effect of normal load
The variation of the wear coefficient and worn crater depth with sliding distance for tribological tests conducted employing normal loads of 0.1, 0.3 and 0.5 N is showed in Figure 11 (a,b), respectively. Keeping the same pattern already illustrated in Figure  6 (a) and Figure 9 (a), the steady-state wear is reached after at a wear depth greater than the outer layer thickness, confirming the already shown effect of microstructure and surface chemistry on the tribological behavior. The wear volume evolution as a function of the sliding distance for the different applied normal load is shown in Figure 12 (a). It can be seen that after the steadystate wear, worn volume increases linearly with the sliding distance, being increased with increasing applied normal load. Figure 7 (b) shows the variation of the wear rate and wear coefficient as a function of applied normal load. It can be seen that both varies linearly with the normal load: the Q values increase, while k values decrease with the load increase. Both results are in agreement with data previously published by Bose and Woo [18] . Considering that the Archard law [26] states that the wear volume is proportional to the applied load ( = ( )), and considering that Q is proportional to the ratio between the wear volume and sliding distance ( = ( / )), and whereas the value of k is a function of ratio between the wear volume and the normal load and sliding distance product ( = ( / . )), or simply = ( / ), is consistent that the progressive increase of S and N promote a linear change in the values of Q and k. As regards to the worn craters morphology, the grooving abrasion and micro-rolling abrasion wear mechanisms was observed, with similar appearance to those shown in Figure 8 .
Influence of plasma process variables (second part)
In Figure 13 (a,b) is shown the wear rate (Q) and wear coefficient (k) in the steadystate wear, as a function of the carburizing temperature for samples treated for 8 and 12 h, respectively. It is possible to observe a similar behavior for the wear rate and wear coefficient in the two cycles of times studied: both suffer reduced within in the treatment temperature range of 350 to 450 °C, with subsequent increasing to the treatment condition of 500°C. A reduction in the Q and k values within the first range, is related to the increase of the carbon content retained in solid solution with the addition of the treatment temperature, with a consequent increase in the compressive residual stress on the carburized layer region [27] . On the other hand, the increase in the Q and k values for sample treated at 500°C condition occurs due to precipitation of chromium carbide, which reduces the retained C content in solid solution in the TCC cell interstices, decreasing compressive residual stress, and the wear resistance [16] .
In Figure 14 (a,b) the wear rate (Q) and wear coefficient (k) in the steady-state wear, are shown as a function of the carburizing time for samples treated at 400 °C and 450 °C, respectively. A similar behavior for the wear rate and wear coefficient can be observed in the two cycles of temperature studied: both suffer reduced within in the treatment temperature range of 12 to 36 h (for treatment performed at 400 °C) and 4 to 12 h (for treatment performed at 450 °C), with subsequent increasing to the treatment condition of 48 and 16 h, respectively. This result is also being linked to the increased carbon content in solid solution with treatment time, and to martensite phase decomposition held for very prolonged treatment times. Finally, the occurrence of grooving abrasion and micro-rolling abrasion wear mechanisms was verified, with similar appearance to those shown in Figure 8 .
CONCLUSION
Based on the presented and discussed results it can be concluded that:
 The wear mechanisms predominant were the grooving and micro-rolling modes;  The carburized layer morphology influences on the micro-abrasion wear behavior of the treated material;  The steady-state wear is reached only after the worn crater depth exceed the outer layer thickness;  The wear rate and wear coefficient increased with increasing the particle abrasive size and normal load; and decrease with rise of counter body rotation speed;  The acting of micro-rolling abrasion and grooving abrasion wear modes increases with increasing the sliding distance; and  For high temperature and prolonged treatment times, wear rate and wear coefficient increase as a function of intense chromium carbide precipitation.
